Selective covalent CDK7 inhibitor THZ1 is a promising potential anti-tumor drug in many kinds of cancers. Epithelial-mesenchymal Transition (EMT) is highly related to cancer initiation, development, invasion and metastasis and other pathogenesis processes. We treated cancer cell line Hela229 and three retinoblastoma cell lines so-RB50, WERI-Rb-1, Y79 with gradient concentration of THZ1, and found that THZ1 could inhibit cell viability and EMT, suggesting that THZ1 may be a promising drug for human cervical cancer and retinoblastoma treatment. Our results verified the role of THZ1 in EMT for the first time, however, the mechanism needs further study. Here we report that THZ1 suppresses the TGFβ2 induced EMT in human SRA01/04 lens epithelial cells (LECs), rabbit primary lens epithelial cells, and whole rat lens culture semi-in vivo model. RNA-sequencing and KEGG analysis revealed that the THZ1 inhibits EMT by down-regulating phosphorylate Smad2 and Notch signaling pathway. On the other hand, we found that THZ1 could strongly inhibit LECs proliferation through G2/M phase arrest as well as attenuating of MAPK, PI3K/AKT signaling pathway. Our results uncovered the function and underlying mechanism of THZ1 in regulation of EMT, which provides a new perspective of the anti-tumor effect by THZ1 and may offer a novel treatment for PCO.
Introduction
THZ1 is a selective covalent inhibitor of cyclin-dependent kinase CDK7 that down-regulates RNA polymerase II progressing and mRNA capping [1] [2] [3] . THZ1 has a central role in suppressing super-enhancer-linked oncogenic transcription, and can be a potential anti-tumor drug especially for Myc driven cancers [4, 5] . The function of THZ1 in inhibiting the survival of cancer cells [6, 7] has been verified in oesophageal squamous cell carcinoma, T-cell lymphomas, small cell lung cancer, melanoma, etc [8] [9] [10] .
Involved in various physiological processes, EMT is highly related with the embryonic development, fibrosis, wound healing and cancer progression [11] [12] [13] . TGFβ (Transforming growth factor β) is a key factor to promote epithelial cells to undergo EMT and fibrosis [14] . Within the TGFβ family, TGFβ2 is the main subtype in eyes [15] . EMT is characterized by switched expression of typical makers in the mRNA and protein levels. Epithelial markers including E-cadherin, ZO-1 (TPJ-1) are down-regulated during EMT, while the expression of the mesenchymal markers including N-cadherin,
Ivyspring International Publisher
Fibronectin, α-SMA, Collagen, ZEB1 are increased during EMT [16] [17] [18] .
Posterior capsular opacification (PCO), also known as a secondary cataract, is a common long-term complication in which the eye lens lose transparency after lens implantation surgery in cataract patients [19, 20] . As the most prevalent blindness disease in the world, currently the best way to treat cataract is by means of surgery to implant intraocular lenses (IOLs) [21] . IOLs can successfully recover the vision, but unfortunately, it could potentially lead to PCO. Years after surgery, lens equator epithelial cells may undergo persistent aberrant proliferation, migration, and fibrosis. When PCO occurs, the lens cells lose epithelial characteristics and become mesenchymal-like cells [22] , which is a typical EMT process in vivo. PCO is treated by Nd:YAG (neodymiumdoped yttrium aluminum garnet) laser capsulotomy [23] , which brings complications such as macular edema, retinal detachment, etc [24] . Therefore, inhibition of the EMT of lens epithelial cells presents a promising way to prevent and treat PCO.
In this study, we reported for the first time that the potential anti-neoplastic compound THZ1 strongly prevents the EMT in cancer cells lines Hela229, so-RB50, WERI-Rb-1, Y79. In addition, THZ1 treatment attenuated cell proliferation and suppressed TGFβ2 induced EMT in SRA01/04 lens epithelial cells, rabbit primary lens epithelial cells and whole lens culture semi-in vivo model. These results uncover a new insight for the treatment of THZ1 in cancers, and indicate that THZ1 may function in preventing and curing PCO.
Materials and Methods

Cell Culture and Reagents
Human SRA01/04 lens epithelial cell (LEC) were cultured in high-glucose DMEM growth medium (Gibco, Thermo Fisher Scientific, USA) containing 10% FBS (Biowest, FRA), 1% penicillin (100µg/ml) and 1% streptomycin (100µg/ml) at 37°C in a 5% CO2 atmosphere. SRA01/04 cell line was authenticated by short tandem repeat (STR) analysis at Sun Yat-Sen University (Supplementary Figure S1) . Rabbit primary lens epithelial cells were isolated from 7~8 weeks old New Zealand white rabbits and cultured in DMEM/F12 with 20% FBS, 1% penicillin, 1% streptomycin and 1% NEAA (Gibco, Life Technologies Corporation). All cell lines were negative for mycoplasma. Recombinant human TGFβ2 was purchased from Novoprotein. For TGFβ2 and THZ1 (Sellcek, CN) treatment, the cells were cultured in fresh culture medium with 10ng/ml recombinant human TGFβ2 and different concentrations of THZ1 for 24h.
Cell apoptosis and cell cycle analyzed by flow cytometry
For cell apoptosis LECs (2×10 5 ) were seeded in 6-well plates, after being treated with different doses of THZ1 for 24h, cells were trypsinized and washed twice by PBS and then incubated with MultiCaspase kit (Millipore) for 30 min at 37°C in dark, then 7-aminoactinomycin D (7-AAD, Millipore) were added and incubated for 5 minutes in room temperature at dark [25] .
For cell cycle analysis, cells were fixed in cold 70% ethanol at 4°C overnight before incubated with staining solution (BD) at room temperature for 15 minutes following the manufacturer's instructions. After that, the fluorescence intensity was measured by Muse TM Cell Analyzer (Millipore).
Scratch assays and Cell Viability
For scratch assay, LECs (7×10 5 ) were seeded in 6cm dishes, after cell attached, a white tip was used to draw scratches and then floated cells were washed by pre-warmed PBS twice. Then the cells were cultured in DMEM with 1% FBS, and the area of wound was photographed at different time points. Cell viability was detected by the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-terazolium bromide (MTT) assay. LEC cells were cultured in 96-well plates at a density of 4,000 cells/well for different time points. 20µl of MTT (5mg/ml, Sigma-Aldrich) were added to the cells for incubation at 37°C for 2-4h. Then the medium in the well was removed and 200ul of dimethyl sulfoxide (DMSO, Sigma-Aldrich; Merck KGaA) solution were added. The absorbance at 490nm wavelengths was detected by micro-plate reader (BioTek Instruments, Winooski, VT) after 10 min of vibration.
Real-Time PCR analysis for gene expression
Total RNA of LEC cells were isolated by using Trizol reagent (Invitrogen), then cDNA reverse was transcribed with the PrimeScript II 1 st Strand cDNA Synthesis Kit (TaKaRa, Japan). Real-Time PCR was conducted by LightCycler 96(Roche, Basel, Switzerland) with the SYBR Premix Ex TaqTM Kit (TaKaRa). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as en endogenous control [26] . The sequences of primers used in this study are presented in Supplementary Table 1.
Western Blot
Western blot was performed as previously described [27] . Primary antibodies used in this study were showed in Supplementary Table 2.
Immunofluorescence
LECs were seeded on glass slides in 24-well plates and treated with agents as indicated. After being washed by PBS, cells were fixed with 4% paraformaldehyde for 10mins, permeabilized with 0.5% Triton X-100 for 15 min, and then blocked with 5% bovine serum albumin (BSA) in PBS for 1 h. After being incubated with primary antibody at 4°C overnight, cells were treated with Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody in dark at room temperature for 1 h. Then cells were incubated with 50ng/ml DAPI for 5 min before being mounted on slides and visualized under a fluorescence microscope (Zeiss Axioplan2 Imaging, DE).
Explant culture and treatment
All experimental procedures conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Eyeballs of 21~22 days Wistar rats were taken off and steeped in 0.25% povidone-iodine for 3 mins before washed by PBS containing 1% penicillin (100µg/ml) and 1% streptomycin (100µg/ml). After separated using forceps and microscissors, the lens were maintained in 4ml M199 medium containing 1% FBS, 1% NEAA, 1% penicillin and 1% streptomycin. TGFβ2 and THZ1 were added to the medium at the final concentration of 5ng/ml and 100nM. Lens were cultured for 7days and photographed using a stereoscopic microscope, culture medium were changed every three days.
Statistical analysis
All experiments showed in the figures were conducted three or more repetitions. IBM SPSS Statistics 20 software was used for statistical analysis. Data were presented as mean ± standard deviation (SD) and the significance of the difference among groups were determined by multiple LSD's multiple-comparison test (one-way ANOVA). A value of P<0.05 was considered statistically significant.
Results
THZ1 inhibits proliferation of LECs through G 2 /M phase cell cycle arrest
To study the role of THZ1 in regulation of LECs, we treated LECs with different concentrations of THZ1. When LECs were treated with THZ1 at a concentration higher than 400nM, the apoptotic cells increased significantly (Supplementary Figure S2A , S2B), thus we treated LECs with THZ1 below 400nM in the following experiments. In order to determine the cytotoxicity of THZ1, MTT test was carried out to determine LECs proliferation under various concentrations (0, 50, 100, 200, 400nM) of THZ1, and we found that cell proliferation were significantly suppressed by THZ1 even at very low concentration ( Figure 1A ). We tested cell cycle by flow cytometry to explore whether the anti-proliferative effect from THZ1 is due to cell cycle arrest. As shown in the Figure 1B and 1 C, LECs were treated with different concentrations of THZ1 for 24h and the percentage of G2/M cells was accumulated THZ1 accordingly. Through RT-PCR analysis, we found that THZ1 treatment attenuated the mRNA levels of cell cycle regulators cyclin-dependent kinase (CDK1) and Cyclin B1 ( Figure 1D, 1E) , and significantly decreased the protein levels of CDK1, Cyclin B1 and CDC25C ( Figure 1F, 1G and 1H ). Those results indicated that THZ1 inhibits the proliferation of LECs by G2/M arrest through induction of Cyclin B1/CDK1 complex.
THZ1 inhibits EMT in cancer cells and LECs
Our data revealed that THZ1 could induce cell apoptosis and inhibit cell viability in Hela 229 (Supplementary Figure S3A , S3B, S3C) and three retinoblastoma cell lines so-RB50, WERI-Rb-1, Y79 (Data unpublished). Then we treated these cancer cell lines within low concentration at which THZ1 couldn't suppress cell viability and proliferation. Interestingly we found that THZ1 inhibited EMT in Hela cells (Supplementary Figure S3D) and three retinoblastoma cell lines (Data unpublished) as shown by the decreased expression of symbolic mesenchymal makers. We next aimed to understand the mechanism of EMT inhibition by THZ1 and to determine whether THZ1 plays the same role in normal cell like LECs. Previous studies reported that LECs underwent EMT when treated with TGFβ2 [28] . Our initial experiment uncovered that 10ng/ml of TGFβ2 is the appropriate concentration to establish EMT model in LEC cells (Supplementary Figure S2C) . Then we co-treated LECs with 10ng/ml TGFβ2 and various concentrations (0, 50, 100, 200, 400nM) of THZ1, and analyzed the expression levels of EMT makers by Real-Time PCR, western blot and immunofluorescence. RT-PCR analysis showed that the expression levels of mesenchymal makers including Fibronectin, N-cadherin, α-SMA, Collagen IV, SNAI1 [29] , ZEB1 were increased notably after treated with TGFβ2. Interestingly, the mRNA levels of those genes decreased in a dose-dependent manner under THZ1 treatment (Figure 2A ). We also found that the treatment of TGFβ2 resulted in changes of cell morphology, including elongation and membrane protrusions, nevertheless, co-treated with THZ1 retained an epithelial morphology similar to the control group (Supplementary Figure  S4) .
Consistently, results of western blot indicated that THZ1 treatment resulted in a clear increased expression of epithelial makers E-cadherin and ZO-1 in a dose-dependent manner ( Figure 2B and 2C) , and a decrease of protein levels of mesenchymal makers including N-cadherin, Fibronectin, ɑ-SMA (Figure 2D , 2E). In agreement with those results, immunofluorescence staining revealed that THZ1 abrogated TGFβ2 mediated up-regulation of Fibronectin ( Figure 3A) . The protein expression levels of CDC25, Cyclin B1, CDK1 were detected by western blot analysis. Quantification of protein level showed in the G and H. Results are presented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs. Control. Results were normalized to GAPDH. Protein level of E-cadherin, N-cadherin, ɑ-SMA, ZO-1, Fibronectin were detected by western blot with GAPDH and β-Tubulin as the internal control (B and D). Quantification of protein level showed in the C and E. Results are presented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs. Control.
THZ1 inhibits migration of LEC cells, and protects rabbit primary lens epithelial cell from TGFβ2 induced EMT
Migration is a typical capacity of epithelia, to study THZ1's function in EMT, we monitored the migratory capacities of LEC cells using the in vitro scratch assay. TGFβ2 treatment stimulated the migration ability of LECs, when treated with THZ1 the migration area of the LECs was significantly inhibited in a dose-dependent manner ( Figure 3B and  3C) .
Then, we confirmed the protective role of THZ1 from EMT in primary rabbit LECs. After co-treating primary rabbit LECs with TGFβ2 (10ng/ml) and THZ1 (0, 50, 100nM), we found that THZ1 treatment decreased the expression levels of mesenchymal makers Fibronectin, Collagen I, SNAI2, further supporting the essential role of THZ1 in regulation of EMT ( Figure 4A ).
THZ1 suppresses phosphorylation of Smad2 to inhibit TGFβ2 signaling pathway
We next determined the molecular mechanisms underlying THZ1 inhibition of EMT. As shown in Figure 4B and 4C, the results of western blot showed that TGFβ2 significantly increased phospho-smad2 level, which was down-regulated in a dose-dependent manner by THZ1 treatment. As a control, the expression of total smad2 was up-regulated, indicating that THZ1 inhibited the canonical TGFβ2 pathway through suppression of Smad2 phosphorylation.
RNA-seq analysis shows THZ1 inhibits LECs proliferation by the MAPK, PI3K/AKT, ERK1/2 signaling pathway, and abrogates TGFβ2 induced EMT through down-regulating the Notch pathway
We next conducted RNA-Seq analysis to find out the possible signaling pathways by which THZ1 inhibits LEC EMT. RNA samples from LECs treated with TGFβ2 (10ng/ml) and THZ1 (100nM) for 24 h and control LECs were isolated and analyzed. Differential expression genes in the two groups were analyzed and enriched using the KEGG pathway database. Gene enrichment heat map revealed that mesenchymal makers were down-regulated while epithelial makers were up-regulated after THZ1 treatment ( Figure 4D ).
As shown in Figure 4E , the p38 MAPK signaling pathway and PI3K-AKT signaling pathway had the largest difference in gene counts. P38 MAPK signaling pathway is involved in cell cycle control, proliferation, inflammation, stress responses, tumor suppression and promotion [30] . PI3K/AKT signaling pathway also has been reported to regulate cell proliferation, differentiation, cellular metabolism and cancer cell survival [31] . In order to ensure whether these pathways are responsible for inhibiting LECs proliferation and cell cycle progression, we detected PI3K, p-AKT, AKT, p-P38, P38 and extracellular signal-regulated kinase (ERK) of MAPK by western blot after THZ1 treatment in LECs. Our result showed that THZ1 depressed the protein level of PI3K, and reduced the phosphorylation of AKT, P38 and ERK1/2 without affecting their total expression levels ( Figure 5A , 5B, 5C, 5D). Thus the inhibition effects of THZ1 towards the proliferation may also be through decreasing the activation of MAPK, ERK1/2 and PI3K/AKT signaling pathways. Results are presented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs. Control.
Notch signaling pathway is a crucial regulator to control the balance between cell proliferation, apoptosis, differentiation and EMT as well [32, 33] . In the LECs, Notch pathway regulates the progress of EMT via mediating the TGFβ2/Smad pathway [34] . KEGG analysis showed that Notch pathway also played an important role in LECs after THZ1 treatment, therefore we further determined the mRNA ( Figure 6A ) and protein ( Figure 6B and 6C) levels of Notch pathway components. TGFβ2 increased the expression level of Notch1~3, MAML1, RBJ and the downstream gene Hes1 in LECs. On the other hand, THZ1 treatment abolished the up-regulation of these genes in a dose-dependent manner. Taken together, down-regulating Notch signaling pathway may be another way for THZ1 to protect LECs from TGFβ2 induced EMT.
THZ1 attenuates TGFβ2 induced comparable cataractous changes in the semi-in vivo model of whole lens culture
Previous study reported that TGFβ2 induces abnormal morphologic changes in lens explantation in vitro including appearance of spindle-shaped cells, capsule wrinkling and gradually become opaque, which is similar with changes found in human subcapsular cataracts and after-cataracts [35] . In order to verify whether THZ1 could reverse TGFβ2 induced EMT in a physiological system, we separated whole lens. As shown in the Figure 7A , lens cultured in TGFβ2 developed obvious anterior opacities compared to control, nevertheless, THZ1 treatment reversed those changes in lens, resulting in transparency in morphology just like control. Then we detected the mRNA levels of Fibronectin, SNAI1, ZEB1, ZO-1 found that THZ1 reversed the up-regulation of those mesenchymal makers and the down-regulation of epithelial maker ( Figure 7B ). To sum up, THZ1 could attenuate EMT induced by TGFβ2 in semi-in vivo model.
Discussion
In present study, we reported that THZ1 suppressed LECs proliferation through G2/M phase cell cycle arrest and inactivating PI3K/AKT, MAPK, ERK1/2 signaling pathway. More importantly, THZ1 dramatically inhibited the TGFβ2-induced EMT in lens epithelial cell line, primary rabbit lens epithelial cell and whole lens culture semi-in vivo model through attenuated classical TGFβ/Smad pathway and Notch signaling pathway. As a result, our study uncovered that THZ1 can be a new strategy to prevent and treat PCO and brought a new perspective of the anti-tumor effect by THZ1.
Cell cycle is highly controlled by cycle checkpoints to ensure DNA damage repairing before the beginning of mitosis, these checkpoints are regulated by CDKs (cyclin-dependent kinases) and their related pathways. For the G2/M phase, the activated CDC25 (cell division cycle 25 homolog) activates the CDK1 via de-phosphorylation, and then the activated CDK1 forms a complex with Cyclin B1 in the nucleus, which promotes cell into mitosis. Our result showed that THZ1 induces an obvious G2/M phase arrest in LECs. In addition, those important regulators of G2/M transition including CDC25, CDK1, Cyclin B1 were down-regulated both in mRNA and protein levels by THZ1 in a dose-dependent manner. These results indicated that THZ1 induces cell cycle arrest in G2/M phase via inactivating CDK1-Cyclin B1 complex, which might result in the growth inhibition of LECs.
Recently, many studies reported that THZ1, a cyclin-dependent kinase CDK7 inhibitor, maybe a promising antitumor drug [36] . THZ1 has been reported to inhibit cancer growth in oesophageal squamous cancer, T-cell lymphomas, small cell lung cancer, melanoma, Ewing sarcoma, breast cancer, nasopharyngeal carcinoma, high-grade glioma, ovarian cancer, etc. [37] [38] [39] . In the progression of cancer, EMT is activated for in invasion into blood Results are presented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs. Control. vessels and separation from the primary tumor [40] [41] [42] . Nevertheless, there is no research discussing whether the compound THZ1 has an influence on the progress of EMT. We proved that THZ1 could inhibit EMT in cancer cells including Hela229 and retinoblastoma cell lines. We further explored broader function of THZ1 and revealed that THZ1 could also inhibit EMT in normal cells. Our study showed that TGFβ2-induced EMT in LECs could also inhibit by THZ1. After co-treating LECs and rabbit primary lens epithelial cells with TGFβ2 and THZ1, we found that the typical mesenchymal markers were down-regulated while epithelial markers were up-regulated compared to the cell only treated by TGFβ2. On the other hand, scratch assay also indicated that THZ1 inhibited cell migration. The whole rat lens culture semi-in vivo model also indicated THZ1 can keep lens transparent and protect it from TGFβ2 induced EMT. Our data also showed that the expression of p-smad2 was obviously down-regulated while the total expression level of smad2 was not changed, which means the TGFβ/Smad signaling pathway that triggers EMT in LECs was inhibited.
In order to study the mechanism of THZ1 in suppression of EMT on LECs, we executed RNA sequencing and KEGG assay, and found the TGFβ signaling pathway was affected, which is consistent with our previous result. MAPK, PI3K/AKT as well as Notch signaling pathway were also affected during the process. The MAPK, PI3K/AKT pathway are key regulators for the control of cell cycle, proliferation and differentiation, as the extracellular signal-regulated kinase (ERK) of MAPK, ERK1/2 also plays an important role on cell adhesion, survival and proliferation. In our research, THZ1 inactivated the p38 MAPK, AKT and ERK and down-regulated PI3K, which is consistent with our RNA-seq result and implied an additional explanation for proliferation inhibition of THZ1 in LECs. Whole rat lenses were co-treated with TGFβ2 (5ng/ml) and THZ1 (100nM) or DMSO for 7 days and the morphology of them were photographed using a stereoscopic microscope. (B) RT-PCR was conducted to detect the mRNA expression of Fibronectin, SNAI1, ZEB1 and ZO-1 in rat lenses after co-treated with TGFβ2 (5ng/ml) and THZ1 (100nM) or DMSO for 7 days. Results are presented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs. Control.
Involved in cell apoptosis, differentiation and survival, Notch signaling pathway is a key regulator in the induction of EMT [27, 43] . In addition, the Notch pathway is also involved in the EMT of LECs. Our data showed that TGFβ2 activated the Notch pathway, however, THZ1 reversed the up-regulation of Notch1~3, MAML1, RBPJ, and their downstream gene Hes1 in a dose-dependent manner. The inhibition of Notch signaling pathway may be another mechanism accounting for the THZ1 mediated inhibition of EMT.
Overall, our result provided, for the first time, the evidence that THZ1 attenuated TGFβ2 induced EMT and inhibited LECs proliferation. Our data not only provided a novel treatment strategy for EMT related diseases such as PCO in eyes, but also contributed to revealing a probably mechanism in THZ1 to cure cancers.
